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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. In this study the performance of Solar CHP Thermal System which utilizes 
Seasonal (long-term) Thermal Energy Storage (STES) for domestic applications is investigated. 
The STES  concerns the storage of heat in large constructions during the charging period in order 
to be used later  during autumn and winter, when heating load is demanded and the solar radiation 
is limited. The CHP concept stands for electricity production by a Stirling engine which is 
connected to the STES tank. 
More specifically, TRNSYS software has been used to facilitate the design and simulation of 
the specific solar thermal system which combines electricity production and seasonal storage . Flat 
plate solar collectors have been chosen in order to collect solar energy and charge the two stratified 
water tanks, the short term DHW tank and the long term STES tank. Regarding the STES tank, it 
is connected through two heat exchangers with a single zone building and the solar collectors loop 
respectively, covering part of the space heating demand when thermal energy is available. The 
simulation results of the under investigation building located in the city of Thessaloniki exhibited 
an up to 50 % coverage of the space heating load for a specific single-family detached house by 
the designed seasonal storage configuration. Regarding the electricity generation the system is able 
to produce approximately 2 kW during the charging period. 
Finally, i would like to express my sincere gratitude and appreciation to my supervisor Dr. 
Georgios Martinopoulos (Academic Associate) for his guidance and support throughout my MSc 
dissertation work. 
 
Diamantis Vasileios 
16/12/2018 
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Introduction 
The development of solar systems in order to cover a significant part of the thermal energy 
demand can have a great impact worldwide. Apart from the reduction of fossil fuels’ consumption, 
an important action that will mitigate the climate change, the development of such systems can 
affect beneficially the energy security as well as the economic development[1]. Generally, the 
energy demand in the residential sector accounted for 30% share of final energy consumption in 
2016, where the 10% stood for space heating.  
 
Figure 1: Final energy consumption per sector 
By examining only the residential sector, space heating accounted for almost the half of the 
energy demand, while water heating and space cooling accounted for 17% and 4% respectively.  
 
Figure 2: Residential energy consumption 
In Europe the heating and cooling demand stands for approximately 50% . In order to face that 
great demand European Union has implemented a new directive (2010/31/EU), while the Greek 
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government rules a new legislation in order to define the net zero buildings and promote the use 
of solar energy[2]. 
Regarding the EU directive, it aims in reducing the energy consumption in buildings in order 
to achieve a reduction in energy consumption as well as an increase in energy production from 
renewable sources by 2020[3]. Furthermore, a new directive on energy efficiency (2012/27/EU) 
has been carried out aiming in the improvement of energy conversion, transport and 
distribution[4]. 
In Greece the thermal energy demand accounts for 62% of final energy consumption. Thus, the  
Greek legislation, regarding the construction of new buildings, suggests that the coverage of DHW 
by solar thermal energy has to be at least 60% and the contribution of renewables energy sources 
will reach the value of 27% in the residential sector, by 2020[5].  
 
Figure 3: Residential energy consumption 
This thesis contributes in the energy analysis and simulation of a solar system that combines 
seasonal thermal energy storage for space heating and domestic hot water applications and 
generation of electricity from a stirling engine. In order to conduct this investigation a model has 
been created and simulated in TRNSYS environment. 
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Chapter 1 Theoretical Background 
1.1 Solar Energy Collectors 
A solar collector is the major technology of solar energy systems that can be utilized in various 
applications such as water heating, covering the heating demand of buildings or even in industrial 
processes. The working principal of this component relies on the absorption of incident solar 
radiation, which is converted into heat. The generated heat is then transferred to the working fluid, 
usually water or air, which circulates through the collector loop. The collected solar energy can be 
exploited in two manners: 
1. Directly transferred from the working fluid to the heating 
equipment, domestic water or space heating. 
2. Utilization of a thermal storage tank allowing the later use of 
heat under low or no solar radiation conditions.  
The solar collector could be considered as a special kind of heat exchanger that transfers the 
energy of solar radiation to the working fluid. However, a conventional heat exchanger is able to 
achieve high transfer rates by implementing fluid-to-fluid exchange. In contrast, the energy 
transferred to the fluid of a solar collector derives form a distant source of radiation. Thus, the 
achieved transfer rates are lower as the maximum flux of incident radiation is 1100 W/m2, 
assuming no optical concentration[6]. 
1.1.1 Flat Plate Collectors 
Flat -plate collectors take advantage of both beam and diffuse solar radiation and are utilized in 
processes that require heat transfer rates at medium temperatures up to 100 °C above ambient 
temperature. According to the concentrating ratio they are categorized as non-concentrating 
collectors, without tracking system and low maintenance cost.  The main use of such systems is in 
domestic water heating, building heating and industrial process heat. Furthermore, by utilizing 
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improved selective coating and transparent or vacuum insulation flat-plate collectors can achieve 
considerable efficiencies at temperatures up to 100°C[7]. 
A typical setup of a flat plate collector is presented in figure 2. The operation of the collector 
can be briefly described as: Sunlight passes through the transparent outer cover and a large 
proportion is absorbed by the black absorbing surface and is transferred to the working fluid inside 
the tubes. The tubes are connected at the two ends with upper and lower manifolds in order to  
distribute and discharge the fluid. 
The main components of a typical flat-plate solar collector are: 
1. The black surface in order to absorb the incident solar energy 
2. The glazing cover which is a transparent layer that transmits radiation to the absorber, but 
prevents radiative and convective heat loss from the surface 
3. Tubes containing working fluid to transfer the heat from the collector 
4. Support structure 
5. Insulation covering sides and bottom of the collector to reduce heat losses 
 
 
Figure 4: Cross section of a flat-plate collector 
 
A counter proposal to the manifolds configuration is the serpentine design which is free of non-
uniform flow distribution, but a pump to circulate the heat transfer fluid is necessary as it operates 
poorly under natural circulation conditions. In figure 5 the two different designs are presented. 
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Figure 5: Serpentine piped versus straight piped 
The design and manufacture of flat plate collector’s main components should aim in providing 
solutions at the lowest cost while the efficiency of the system achieves the highest possible value. 
In addition, other properties of these systems such as the long life span against corrosion play a 
significant role. 
Regarding the cover of the collector, the material usually used is glass which with low iron 
content can transmit 90% of the incoming shortwave irradiation. In contrast, the transmission of 
longwave thermal radiation coming from the absorber plate is approximately zero. This latter 
property of the cover might cause a temperature increase enhancing the heat losses to the 
environment, through the mechanisms of radiation and convection. Another cover proposal 
concerns the use of plastic sheets. This material exhibits high transmittance in the shortwave 
length, while the transmittance in the longwave length is as high as 0.4. Moreover, dust and dirt 
on the collector can affect the transmittance if the rainfall is not sufficient to clean the glazing. 
Dust could be useful in reasonable percentages during summer as it can protect the collector from 
overheating due to the high incoming solar radiation during this season. 
Regarding the direct radiation, the angle of incidence is the parameter that affects the 
transmittance and varies significantly according to it. Thus, the optimum orientation of the 
collectors is facing south, if located in the northern hemisphere, otherwise facing north and the tilt 
angle should be approximately equal to the latitude of the location. According to the application 
the latitude angle can varies, for example if the collectors are used for space heating the optimum 
angle will be equal to latitude+10 degrees[7]. 
The absorber plate should be characterized by a high value of solar radiation absorptance (α) 
and a low value of longwave emittance (ε). This selective surface has a thin upper coating which 
exhibits high absorptance in the shortwave length while it operates as transparent for longwave 
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thermal radiation. This coating is deposited on another surface of high reflectance and low 
emittance in longwave radiation[7]. 
1.1.2 Evacuated Tube Collectors 
The evacuated tube collectors operate in a different way compared to the conventional flat plate 
collectors and are more efficient in cold climates as well as in low radiation conditions. Therefore 
an evacuated tube collector can perform better when the load demands higher temperatures and 
the ambient temperatures are lower[8]. 
The structure of the tube collector is as follows: 
• A heat pipe is placed inside a vacuum-sealed tube 
• The pipe (sealed copper pipe) is attached to a black copper fin filling the tube 
• A metal tip projects from the top of each tube. This tip is attached to the sealed pipe. A 
small amount of working fluid is contained in the heat pipe and works under an 
evaporating-condensing cycle. 
• Solar heat evaporates the working fluid, the vapor moves towards the heat sink where it 
condenses and transfers its latent heat. The condensed fluid returns back to the solar 
collector. 
 
Figure 6: Evacuated tube collector 
1.1.3 Flat plate Collector Energy Balance 
During the operation of a solar collector most of the amount of solar radiation that reaches the 
surface is absorbed by the plate and transferred to the working fluid as useful energy. However, 
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like all thermal systems, solar collectors  are subject to thermal energy losses to the surroundings 
though the mechanism of radiation, conduction and convection[9]. 
 
Figure 7: Heat flow though a flat plate collector 
The performance of a flat plate collector can be described by an energy balance model that 
calculates the amount of incident solar energy that is transformed into useful energy for the fluid 
and to losses to the environment.  
 
Figure 8: Typical solar energy system 
A typical solar system if presented in figure 8. Considering I as the intensity of solar radiation, 
in W/m2, incident on the aperture area of the solar collector of total area A m2 the amount of solar 
radiation received can be calculated as: 
Qi=IA 
However, one part of this radiation is reflected back to the sky, another part is absorbed by 
glazing and the rest of the radiation is transmitted through the glazing and is absorbed by the 
absorber plate, shortwave length. 
Qi=I(τα)A 
where τ stands for transmission coefficient and α stands for absorption coefficient of plate. 
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During the heat absorption phase the temperature of the collector increases leading to heat 
losses to the surroundings by convection and radiation. The heat losses are calculated as follow: 
Qo=ULA(Tc-Τα) 
where UL stands for collector overall heat loss coefficient, W/m2. 
The useful energy that is extracted by the collector is expressed as a rate of extraction assuming 
steady state conditions, equals to the useful energy absorbed minus the amount of losses. 
Qu=Qi-Qo=IταΑ-ULA(Tc-Τα) 
Furthermore, the heat extraction rate can be calculated by examining the heat carried away by 
the working fluid. 
Qu=mcp(To-Ti) 
In the calculations it is convenient to define a specific quantity in order to relate the actual useful 
energy gain to the useful gain assuming that the whole collector’s surface temperature is equal to 
the fluid inlet temperature. This quantity is the collector heat removal factor FR 
𝐹𝑅 =
mcp(To − Ti)
IταΑ − ULA(Ti − Τα)
 
The actual useful energy gain Qu is calculated by multiplying the FR by the maximum possible 
useful energy gain, which is aschieved when the whole collector’s temperature is the inlet fluid 
temperature. 
𝑄𝑢 = 𝐹𝑅𝐴[𝐼𝜏𝛼 − 𝑈𝐿(𝑇𝑖 − 𝑇𝛼)] 
In order to evaluate the performance of the collector an efficiency factor has to be calculated. 
This factor is defined as the useful energy over the incident solar energy and the instantaneous 
thermal efficiency is calculate as: 
𝜂 =
𝑄𝑢
𝐴𝐼
=
𝐹𝑅𝐴[𝐼𝜏𝛼 − 𝑈𝐿(𝑇𝑖 − 𝑇𝛼)]
𝐴𝐼
= 𝐹𝑅𝜏𝛼 − 𝐹𝑅𝑈𝐿
𝑇𝑖 − 𝑇𝛼
𝐼
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1.2 Seasonal Thermal Storage Methods 
Solar energy storage is considered an important technology as it can minimize the effect of solar 
energy time discrepancies on the solar fraction and lead to better performance of space heating 
systems. There are three available mechanisms for seasonal heat storage: sensible, latent and 
chemical storage. Regarding the residential sector,  sensible heat storage is considered to be more 
mature, while chemical and latent, despite the large potential, require further actions in order to 
become reliable and cost-effective technologies. 
1.2.1 Sensible heat storage 
Sensible heat storage is considered as a simple, low cost and relatively mature technology for 
seasonal energy storage. According to this method heat is stored as internal energy in the 
temperature increase of a storage medium, liquid or solid. The parameter that determines the 
amount of stored sensible heat is the specific heat of the medium. 
The two main characteristics of a storage medium that will affect its performance are the high 
specific heat and density. Another significant parameter that will affect the selection of storage 
medium is the temperature range that the system will operate. In addition, the space restrictions in 
residential applications limit the available materials to solids and liquids. Finally, the cost of the 
storage plays a significant role in the selection of the storage medium and mechanisms. 
Considering all the above water, rock bed and soil/ground are the typically used materials for 
seasonal storage systems in residential applications. In order to select the final suitable sensible 
heat storage system the variables that must be taken into account are the temperature range, the 
available space, the legislation and last but not least the geological conditions [7].  
1.2.1.1 Water storage 
As a storage medium water is considered the most preferable as it combines high specific heat 
(4.19 kJ/kgK) and low cost. Water is characterized by small temperature range, but its performance 
in residential applications for DHW and space heating are not affected as the operational 
temperatures are 20-80°C. Another significant advantage of water is the high heat exchange rate 
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during charge and discharge phase. However, it may cause problems in handling as it is difficult 
to stratify the tank[7].  
1.2.1.2 Rock beds 
In this storage concept a bed of rocks is considered to be charged and discharged through a 
circulation of a heat transport fluid, which is usually water or air. This system can be  divided into  
two subsystems: active/passive and almost passive. In the first case the working fluid is the water 
and contributes to the storage, while in the second case air is used and it does not contribute to the 
storage[10]. 
 
Figure 9: Rock bed storage system 
The advantage of rock beds over the water based systems is the higher temperature range. 
However, the lower thermal capacity of rocks leads to higher storage volumes in order to store the 
same heat amount. 
1.2.1.3 Ground/Soil 
In this concept the storage potential of the ground is exploited, as it is used directly in order to 
store energy to be used later when heat is demanded. This system requires vertical tubes to be 
inserted in the ground, trough which fluid circulates charging and discharging the ground. This 
configuration is called borehole thermal energy storage (BTES) and uses water as working fluid. 
Furthermore, BTES has the advantage that uses freely the soil as storage medium, but the necessary 
excavation is considered to be responsible for 40% of total system cost[10]. 
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1.2.2 Stratification of storage tanks 
The stratification of a storage tank defines the temperature variation inside the tank, difference 
between the top node temperature and the bottom node temperature. The degree of stratification 
can be evaluated by the temperature difference between the top and bottom of the tank and is 
crucial for the effective operation of a solar system. 
The stratification in the storage tank is achieved due to density differences, which changes 
proportionally to temperature increase, when hot water enters the tank from the collectors and is 
extracted to cover the load. The coverage of heating load depends highly on the degree of 
stratification, as the top node temperature will have the highest possible temperature. 
The multimode approach considers that the tank is divided into N sections (nodes), each one 
solved separately by its energy balance equation. In order to formulate these equations the hot and 
cold water are considered to enter the node that is closest to their temperature[6]. 
 
Figure 10: Multinode stratified tank 
1.3 Review of micro-CHP systems 
Since the residential sector is a significant consumer of fossil fuels and electricity micro 
combine heat and power systems can contribute in the reduction of CO2 emissions and increase 
the primary energy savings. Mirco CHP systems can be utilized in residential applications covering 
a significant range from a single family dwelling to apartments that demand energy 1-500 kW. 
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The major prime movers for mCHP  in residential buildings are Stirling engine, organic Rankine 
cycle, micro gas turbines and internal combustion engines. 
Regarding the Stirling engine, that was also used in this study, there are two available 
technologies: free piston and crank-driven. The free piston engine can be immediately compatible 
with AC grid. 
Regarding the organic Rankine cycle, instead of water a low boiling organic fluid is used. Thus, 
the cycle can work in combination with low temperature heat sources/sinks to produce power 
ranging from a few kW to 2 MW. 
Regarding the micro gas turbines, such systems offer the advantages of 30% efficiency, multi 
fuel usage and low emission levels, while the power output ranges from 20-300 kW. This 
technology is considered to be able to cover the electrical and thermal demands of multifamily 
residential, commercial and educational buildings. 
Internal combustion engines are the most well-established engines in mCHP applications. There 
are two types of IC engines spark and compression ignition and the selection depends on the fuel 
availability and the load that needs to be met. The main disadvantages of these engines that need 
improvement are: the high emissions, low energy density, can not operate on renewable fuels and 
the sort life span if used in large apartments or dwellings[12]. 
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Chapter 2 Literature review 
A large number of studies have been conducted on seasonal storage solar thermal systems. 
Terziotti et al (2011) worked on a seasonal solar thermal energy storage (SSTES) system, 
integrated in a large residential building in Virginia and modeled by utilizing the TRNSYS 16 
software[13]. 
The building that was modeled with SSTES is a multi used five story building covering a total 
area of 15,700 m2 at Virginia Commonwealth University. Concerning the storage medium the 
advantages of versatility and low cost made the sand the most suitable option  for this project. Sand 
is spread inside a pit which is lined with a waterproof membrane and insulation. Furthermore, the 
available land above the bed could be exploited for other purposes such as a parking lot. 
The model was developed based on the specifications of the American Society of Heating and 
Air-conditioning Engineers (ASHRAE). An area of 1,930 m2 , 62% of the total roof area, was 
reserved for the flat plate collectors, offering sufficient space for any other machinery to be placed 
or architectural interventions. The model consists of 3 syb-systems:  
1) The pipping loop that runs through the collectors in order to heat the working fluid, 
which is then driven into coils inside the storage medium. 
2) The storage medium. In this study four different, with respect to the volume (m3), sand 
beds were considered: 
a. 5005 
b. 6200 
c. 7865 
d. 9295 
3) The pipping loop that extracts heat from the storage bed and sends it to the radiant 
floors, thus heating the building. 
In case that the SSTES can not fulfill the heat demand a supplementary heat source is applied. 
A heat exchanger was used in order to model the buildings ventilation recovery system. By 
varying the efficacy of the abovementioned exchanger a simulation of varying levels of building 
efficiencies was possible. Five years simulations were run covering all the possible combinations 
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of storage bed (volume) and building efficiencies. The sand based storage systems are considered 
to reach thermal equilibrium at the fifth year of operation, thus the heating load covered by the 
SSETS and the auxiliary system and the solar fraction were only examined at the fifth year for 
each scenario. The outcome of this study is that approximately 90% of the energy needed can be 
covered by the SSETS system for a building of the specific size. 
Sweet et al (2011) in this new concept of seasonal storage used the TRNSYS software to 
facilitate the simulation, evaluation and optimization of the energy gain of an underground 
Seasonal Solar Thermal Energy Storage (SSTES) system for a single family dwelling in 
Richmond, Virginia, USA[14]. 
The specific model consists of two separate closed loops systems transferring thermal energy 
from the collectors to the radiant floors Both circuits use water as working fluid. In the first loop, 
heat is transferred to the working fluid, which then flows through the storage medium. The storage 
bed is placed underground where much more stable conditions are met. Furthermore, the 
underground construction can offer a much more efficient insulation and conservation of available 
land. In the  second loop heat is extracted from the storage bed and is delivered to the house through 
the radiant floor. 
In order to investigate the effect of varying heating demand on the size of SSTES bed and 
solar collectors area different sized single story homes, from 74  to 223 m2, were simulated. The 
size of the houses ranged from 74 to 223 m2. Each house was simulated assuming three thermal 
zones: attic, crawl and living zone. Regarding the solar collectors the total area of roof that they 
covered was 80% resulting in 39 to 99 m2 area according to the size of the house. 
The system was modeled for 5 years to ensure that the SSETS operates at steady state 
conditions. During the 5 year simulation the only parameter that changed was the initial 
temperature of the bed at the beginning of each year, as well as variables directly related to that 
temperature. To optimize the model the 185 m2  house was used and the results showed that a 15 
m3 bed is the optimal volume, the optimal collector area covers the 90% of the roof area increasing 
the reduction of auxiliary heat up to 75% and the optimal flow rate is 3 gpm. Finally, the models 
utilizing seasonal solar thermal storage can achieve reductions in the auxiliary heat demand, in 
comparison with models without SSETS, from 64% to 74%.  
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McDowell et al (2008) also used the TRNSYS software in order to simulate the performance 
and further calibrate a large scale solar seasonal storage system in the Town of Okotoks, Alberta, 
Canada. The Drake Landing Solar Community (DLSC), which is a master planned neighborhood, 
constitutes the first major implementation of seasonal solar thermal energy storage in North 
America. The neighborhood consists of a subdivision of 52 single family houses where the heating 
demand is covered by 800 flat-plate solar collectors mounted on garage, the short-term storage 
system of two tanks, the Borehole Thermal Energy Storage (BTES) for long term storage and the 
district heating supply system[15]. 
The BTES system was constructed underneath a park and it consists of 144 boreholes connected 
in series and drilled in a depth of 35. The holes are connected in this specific way in order to 
promote the radial stratification towards the center of the storage system. Thus, by maintaining the 
highest temperature at the core the losses from the edges to the surroundings are minimized. The 
DLSC project is presented in figure 11.  
 
Figure 11: Seasonal thermal storage project 
Aiming firstly at the simulation of the complex energy system, a detailed TRNSYS model was 
developed during the preliminary phase of design. The scope of the simulation was to determine 
the size of each component as well as the expected solar fraction. In order to achieve a highly cost 
efficient performance the combination of the subsystems was optimized by taking into account the 
economical and project limitations. By using in this simulation 50 years of historical weather data, 
the model predicted an annual solar fraction of 90% after five years of operation. 
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After the completion of the construction, the collection of detailed monitoring data was 
necessary for the calibration procedure of the model built during the design phase. The calibration 
procedure refers to: 
1. Tank calibration 
2. Collectors calibration 
3. District loop piping calibration 
4. BTES calibration 
5. Collector loop HX calibration 
6. Pump calibration 
7. District loop HX calibration 
8. Heating load calibration 
9. Control calibration 
The outcome of the abovementioned procedure will provide a more accurate model on the 
prediction of system’s performance in upcoming years. 
After the application of the tuned parameters derived from the calibration procedure, the model 
predictions match the real conditions better and the performance of the system was sufficient 
enough to cover more than 90% of the total heat demand of the community during one typical year 
of operation. 
Hailu et al (2017) presented a seasonal solar thermal energy storage system (SSTES), modeled 
for a residential house in Palmer, Alaska also using the TRNSYS software. The study was 
conducted in two phases. In phase one the model was validated against experimental data received 
during an operation period of fourteen weeks, while in phase two five years simulations were run 
in order to obtain the maximum and minimum temperatures that could be achieved as well as the 
pattern of charging and discharging cycles[16]. 
The building chosen for the collection of experimental data is a two story house consisting of 
the ground floor, which is mainly used as garage and storage space and the first floor, which is a 
living space covering an area of 54 m2. Sand and pit run gravel where chosen as the storage 
medium and they were placed underneath the garage as presented in figure 12. 
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Figure 12: Sand storage bed layout 
Regarding the solar collectors, evacuated tube collectors were installed facing south and used 
as working fluid water-glycol solution. Under normal operation the working fluid flows through a 
heat exchanger in order to transfer heat to the domestic hot water tank, while if there is no need of 
further heat transfer the surplus is sent to the sand storage medium. During the experimental study 
the heat was transferred 100% to the sand-bed. Figure 13 depicts the two systems. 
 
Figure 13: Evacuated solar collectors and thermal storage systems 
Different thermal storage properties and more specifically: thermal conductivity, specific heat, 
density and total mass were investigated in order to achieve better prediction of the experimental 
data. Dry and lose, dry and compact, wet and lose and finally wet and compact are the four 
categories of storage properties. Dry or wet refers to the moisture content of the soil, while lose or 
compact corresponds to the void fraction. Furthermore, the TRNSYS software requires as input 
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the environment temperature and loss coefficient. Both variables were calculated by taking the 
sum of the products of each area’s temperature or loss coefficient to its area fraction. The results 
showed that if the thermal conductivity is equal to the highest value, which corresponds to wet 
compact sand-bed and the specific heat is equal to minimum value, which corresponds to the dry 
compact sand bed the prediction of the model is very accurate achieving a 15% error in maximum 
temperature and 4.7% in average temperature. 
Upon the model is validated based on the experiment five years simulation were run . The 
results showed that the system is fully charged in the middle of June of the first operational year. 
The maximum temperature that the sand-bed could reach is 24.8°C around July 10 and the 
minimum temperature is 11.1°C reached on approximately 24  of January, while according to 
ASHRAE a 24.5°C is considered to be within the comfort zones. The most important outcome of 
this study is that solar thermal storage systems seem to fit the demands of  regions with long periods 
of freezing temperatures. 
Micro-CHP has been the subject of considerable research as it can be the key to the reduction 
of carbon dioxide emissions and primary energy saving. Bouvier et al (2016) performed an 
experimental study in order to analyze the performance of a micro-CHP system that combines a 
solar parabolic through and an organic Rankine cycle expander[17]. 
The experimental layout consists of four major components: parabolic through collectors, the 
steam expander, a heat exchanger and the cooling circuit. Figure 14 presents the experimental 
setup. 
 
Figure 14: Experimental setup 
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The solar collector uses a two axis tracker system in order to achieve throughout the day a zero 
incidence solar radiation angle, thus collecting all the available direct solar energy. The steam 
expander is basically a reciprocating cylinder and was deliberately chosen due to the high internal 
volume ratio and the efficient operation when droplets are present in the working fluid. The heat 
exchanger  connects the two different loops of the cooling system and the collector loop. Initially, 
all of the collector’s fluid is stored in the tank. Furthermore, a superheater is used in order to 
superheat the saturated vapor before it enters the expander. Finally, a by-pass loop is used in case 
the quality of the steam at the entrance of the expander corresponds to a saturated steam. 
The operation and performance of the system was evaluated in three stages: 
1. Control of the rotational speed 
2. Control of the expander inlet pressure 
3. Two steady state operation points energy analysis 
Regarding the control of rotational speed, despite the fact that DNI was stable during the test, 
the system presented oscillations. The increase of system’s response time and the existence of 
fluctuations of the expander’s inlet conditions are caused by the high volume and thermal inertia 
of the solar collector. In order to minimize these fluctuations a second control scheme was applied. 
This scheme led to the acquisition of two steady state operating points suitable for the energy 
analysis of the system. Finally, the analysis showed that the electrical power output is low, 
approximately 1.3 kW, leading to a very low solar-to-electricity efficiency, while the efficiency of 
solar-to-thermal is 38%. Moreover, some measures are proposed for a much more efficient 
operation of the system, such as larger insulation of various elements, higher operating pressure or 
other control strategies. 
Moghadam et al (2013) evaluated and sized a solar dish Stirling engine micro-CHP system 
based on 3E analysis, energy, environmental and economic. Due to the fact that the energy demand 
and the power provided by the engine rely heavily on weather conditions and solar radiation flux, 
the reference building was assumed to be located in five cities in Iran exhibiting different weather 
and solar irradiation conditions. The benchmark building is a 5 story residential building covering 
a total area of 960 m2 and micro-CHP system will have to cover electric, heating and cooling 
demand of the building. Figure 15 presents the west view of the building and the layout of the CHP 
system[18]. 
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Figure 15: West view of the reference building, micro-CHP system 
The first step during the energy analysis phase, was the estimation of the energy demand of the 
building by utilizing the Carrier-HAP3.4 software. The estimation concerns the cities of Tehran, 
Tabriz, Bandar Abbas, Rasht and Yazd. The second step consists of the calculation of the 
theoretical and actual efficiency of the Stirling engine as well as the calculation of the power output 
and sizing of the solar dish Stirling engine. Both power output and size of the solar dish were 
defined according to three different considerations: 
1. Sizing of solar dish based on the minimum annual electricity demand. Specific engine 
size to each one of the locations. 
2. Sizing of solar dish based on the maximum annual electricity demand. Specific engine 
size to each one of the locations. 
3. Fixed power generated in all locations, 10 kW. 
The third and final step is about the energy analysis of the whole micro-CHP system. 
In order to evaluate the gains of the operation of the micro-CHP system the primary energy 
consumption (PEC) of the investigated building was compared to a residential building which 
covered the same loads consuming electricity and naturals gas. Important aspect of this evaluation 
procedure is the calculation and utilization of the source-site ratio. Two different ratios were 
calculated one corresponding to the electricity and the other corresponds to the natural gas use. 
Finally, the results showed that among the investigated cities Tabriz exhibited the highest 
overall efficiency, while Bandar Abbas was the most efficient in terms of annual energy saving 
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and Stirling engine efficiency, a result that describes the dependence of the performance of the 
system both on weather conditions and location . The important outcome of this study was that the 
implementation of a solar dish Stirling micro-CHP system could lead to primary energy saving in 
all three scenarios. Furthermore, according to the TOPSIS decision making method the first 
scenario was suitable for dry weather cities, the second scenario was suitable for hot and humid 
cities and the third suits temperate and humid cities the best. 
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Chapter 3 Modeling and simulation   
This chapter describes precisely the steps that have been followed in order to simulate the 
performance of the under investigation solar system with water based seasonal thermal storage for 
domestic application, as well as the generation of electricity. The investigation of the performance 
of the system was conducted by the utilization of TRNSYS software. 
3.1 TRNSYS software 
TRNSYS, is characterized as a very flexible software tool aiming at the simulation of transient 
systems’ performance. It has been commercially available since 1975 and nowadays is considered 
as widespread and reliable simulation tool, which exhibits continuous development, facilitating 
the work of numerous researchers and engineers over a wide range of applications. The use of the 
specific software can cover a broad range of applications such as performance assessment of 
thermal and electrical energy systems, which is the major category, as well as power plants, 
renewable energy systems or even biological processes[19]. 
The basic philosophy that the TRNSYS software was built on, concerns a method of modelling 
independent physical components. According to this method, the physical components are 
described by first-order ordinary differential equations and algebraic, which are implemented into 
software subroutines (called types) programmed on FORTRAN language. The models that are 
developed in this way, include inputs and outputs with functional relations that are defined 
according to figure 16[20]. 
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Figure 16: TRNSYS subroutines principle  
The procedure to create a model system is quite simple, as the user has only to connect the 
outputs of components to the inputs of other components. To simplify the abovementioned 
procedure the user interface called ‘Simulation Studio’ provides an assembly window  in which 
the components are represented by icons and the connections are represented by lines. 
3.2 Components 
• Type 109-TMY2 
 
Figure 17: Weather data component 
The TRNSYS installer package contains files in TMY-2 format (typical meteorological year), 
in different regions in the USA and worldwide. The data contained in these files are values of solar 
radiation, wind velocity, ambient temperature and other meteorological measurements which 
present hourly variation. The measurements are conducted in several years and in many locations 
around the world. The files are saved in .tm2 format in order the type 109 component can read 
them[21]. 
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The main function of type109-TMY2 is to read such a formatted file and provide the outputs to 
specific simulation components such as a solar collector model. The outputs of this type during 
the simulation are the following: 
➢ Ambient temperature (°C) 
➢ Total radiation on horizontal (kJ/hr.m2) 
➢ Sky diffuse radiation on horizontal (kJ/hr.m2) 
➢ Total radiation on tilted surface (kJ/hr.m2) 
➢ Angle of incidence for tilted surface (degrees) 
➢ Wind velocity (m/s) 
 
• Type 73 – Theoretical flat plate collector 
 
 
Figure 18: Theoretical flat plate collector 
The specific component models the thermal performance of a theoretical flat plate collector. 
The user must specify the following parameters: 
➢ Total area of the solar collector array (m2) 
➢ The loss coefficient for the bottom and edges of the solar collector per unit aperture area 
(kJ/hr.m2.K) 
➢ Absorber plate emittance 
➢ Absorptance of absorber plate 
➢ Specific heat of the fluid flowing through the solar collector (kJ/kg.K) 
➢ Collector fin efficiency factor 
The total solar collector array may consist of collectors connected in series and in 
parallel. 
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• Type 4c – Stratified storage tank 
 
 
Figure 19: Stratified storage tank 
This component models the thermal performance of a fluid-filled sensible energy storage tank, 
subject to thermal stratification. The storage tank can be modelled by dividing it in N (N≤15) fully-
mixed equal volume segments, where N stands for degrees of stratification. If N is equal to 1, the 
storage tank is treated as a fully-mixed tank neglecting the stratification effects. Type 4c offers the 
option of variable inlets meaning that the working fluid is inserted to the tank at a temperature 
which is as close as possible to its own temperature. In addition, losses from tank node are 
considered to be equal.  
The main user defined parameters are the following: 
➢ Tank volume (m3) 
➢ Tank loss coefficient (kJ/hr.m2.K) 
➢ Specific heat of the fluid contained in the storage tank (kJ/kg.K) 
➢ The density of the fluid contained in the storage tank. (kg/m3) 
➢ Number of temperature levels (nodes) used in the tank 
➢ Height of each node (m) 
➢ Initial temperature of each node (°C) 
➢ Maximum auxiliary heating rate (kJ/hr) 
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• Type 12a – Single Zone / Energy (degree day) Space Load 
 
 
Figure 20: Single zone model - Energy/degree-hour  
Type 12a is used to model a single zone structure relying on the energy/(degree-day) concept 
to estimate the heating load of the structure. In this space heating load model, the energy(degree-
day) is extended to the energy(degree-hour) concept in order to estimate the hourly variation of 
heating load. This mode considers a zero capacitance structure, that needs to be maintained at a 
specified constant temperature for heating. 
The user should specify the following parameters: 
➢ The overall conductance for heat loss from the house (kJ/hr.K) 
➢ House set point temperature during heating season (°C) 
➢ Specific heat of the source fluid flowing into the heat exchanger (kJ/kg.K) 
➢ The effectiveness-Cmin product of the load heat exchanger (kJ/hr.K) 
➢ Flow rate when pump is operating (kg/hr) 
➢ Auxiliary heat mode (1 = Parallel Auxiliary, 2 = Series Auxiliary) 
 
• Hydronics – Pump / Flow diverter/ Tee piece/ Tempering valve 
 
  
  
Figure 21: Hydronics models 
Type 3b models a single speed pump which calculates the mass flow rate (kg/hr). A variable 
control function, having values between 1 and 0,  is used to control the operation as well as a user 
specified maximum flow rate (kg/hr). The power consumption may be calculated as a product of 
31 
 
a user defined maximum power and an input control signal. The user may also define the part of 
the pump power that will be converted into fluid thermal energy. 
Type 11f-Flow diverter models the operation of flow diverter that faces fluids with one 
important parameter, temperature. Operating in this mode, a single liquid stream is separated into 
two liquid outlet streams depending on a user defined input control function γ. The control value 
must be between 1 and 0. 
 
Figure 22: Flow diverter model 
 γ: control function having a value between 0 and 1      
mi: mass flow rate of inlet fluid 
m1: mass flow rate at position 1 
m2: mass flow rate at position 2 
Ti: temperature of inlet fluid 
T1: temperature at position 1 
T2: temperature at position 2 
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Type 11h–Tee piece models the mixing of two liquid streams of the same fluid but at different 
temperatures. 
 
Figure 23: Tee piece model 
 
m1: mass flow rate of inlet fluid at position 1 
m2: mass flow rate of inlet fluid at position 2 
T1: temperature of inlet fluid at position 1 
T2: temperature of inlet fluid at position 2 
m0: mass flow rate of outlet fluid 
          T0: temperature of outlet fluid 
 
Type 11b – Tempering valve is used in order to simulate the mixing of a heated fluid with a 
colder in order to achieve an upper or lower required temperature. This operation is achieved by 
applying a controlled flow diverter at point B, as described in figure 24. The control function γ is 
calculated in order that the flow stream 1 displaces fluid of Th temperature, thus the mixed fluid 
temperature will not exceed the set temperature Tset. 
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Figure 24: Tempering valve model 
 
• Type 2b – Differential controller 
 
 
Figure 25: Hysteresis differential controller 
The control operation is a very useful component in the design of solar energy systems. 
Regarding the transient simulations of such systems, the two basic methods for implementing 
control are: energy rate control and temperature level control. 
The Type 2b component models a differential controller that is used for setting (on/off) 
temperature level control and depending on two input temperatures it mainly controls the flow of 
the fluid through the solar collector loop. The outcome of this model’s calculations is a control 
function γ which can have a value either 1 or 0. The control function value depends on the 
difference between the two input temperatures, upper and lower temperatures TH and TL, in 
comparison with the two dead band temperature differences ΔTH and ΔΤL . A hysteresis 
calculation is also available, which means that the new control function value depends on the value 
of the input control function at the previous time step. To take into account the hysteresis effect 
the input control signal is connected to the output control signal. Furthermore, a high limit cut-out 
condition is also included as parameter, setting the control function to zero when the monitored 
temperature exceeds the high limit cut-out regardless the dead band temperature.  
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The combined use of the dead band temperature differences and the hysteresis effect is 
frequently used at controllers to promote stability. The operation of the controller can be described  
by the following example: Considering a heating system, the thermostat may turn the system on 
(γ = 1) when the room temperature is 19°C, but not turn it off (γ = 0) until the room reaches 21°C. 
The dead band temperature difference in this case is 2°C. As a result, when the difference between 
the set point temperature (19°C) and the room temperature lies within this range, the controller 
remains in its previous state (γ = 1 or γ = 0). 
The following comparisons describe the control function: 
• If the controller was previously on 
If γi = 1 and ΔTL ≤ (TH - TL), γo = 1 
If γi = 1 and ΔTL> (TH - TL), γο = 0 
• If the controller was previously off 
If γi = 0 and ΔTH ≤ (TH - TL), γo = 1 
If γi = 0 and ΔTH > (TH - TL), γo = 0 
Where 
ΔTH: upper dead band temperature difference 
ΔTL: lower dead band temperature difference 
TH: upper input temperature 
TL: lower input temperature 
γi: [0 or 1] input control function 
γo: [0 or 1] output control function 
Regardless of the upper and lower dead band conditions, the control function is set to 
zero, if Tin > Tmax. 
Where 
Tin: temperature for high limit monitoring 
Tmax: maximum input temperature 
The controller function is described graphically in the following figure 
35 
 
 
Figure 26: Differential controller function 
 
• Type 14b – Water Draw Forcing Function 
 
Figure 27: Time dependent water draw forcing function 
It is useful in transient simulations to model a time dependent forcing function which is 
characterized by a repeated behavior. Type 14b uses units of kg/hr to apply a water draw forcing 
function. The water draw forcing function is created by setting different data points accounting for 
the value of the time (hr) and the value of the function (kg/hr of water draw) at various times 
throughout one cycle. Linear interpolation is applied to generate the continuous forcing function 
between the points set initially. The specified cycle is repeated every N hours where N is the last 
value of time specified. In this dissertation, Type 14b was used to create a stable domestic hot 
water demand throughout the day. 
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• Typoe 501 – Ground temperature model 
 
 
Figure 28: Ground temperature model 
Type 501 is a TESS library component which is utilized for taking into account the vertical 
distribution of the ground temperature. The following parameters should be defined: 
➢ The mean ground surface temperature during the year (°C) 
➢ The amplitude of the ground surface temperature for the year (delta°C) 
➢ The time difference between the beginning of the calendar year and the occurrence 
of the minimum surface temperature (days) 
➢ Soil thermal conductivity (kJ/hr.m.K) 
➢ Soil density (kg/m3) 
➢ Soil specific heat (kJ/kg.K) 
➢ The depth of the soil at which the temperature should be evaluated (m). 
 
• Type 24 – Quantity integrator 
 
 
Figure 29: Quantity integrator 
The specific component is used to integrate the selected quantities over a specified time interval. 
There is also the possibility of resetting periodically during the simulation, for example after each 
month of the year. 
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• Type 65 – Online plotter 
 
 
Figure 30: Online plotter with file 
Type 65 is an online graphics component that is used to display the user defined variables in. 
The outputs are displayed simultaneously with the simulation , allowing users to observe instantly 
the performance of the system and interfere when needed. The values of the selected variables for 
each time step may also automatically printed to a user defined external file. 
 
• Equation component 
 
 
Figure 31: Equation component 
TRNSYS offers to the users this very useful feature, which gives the ability and flexibility to 
create equations that can be functions of outputs of other components and equations and numerical 
values. The equations are created by using this component in the ‘’Simulation studio’’ and it is 
linked to the inputs and outputs of other components. 
 
• Constant effectiveness heat exchanger 
 
 
Figure 32: Constant effectiveness heat exchanger 
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Type 91 models a sensible heat exchanger by assuming constant effectiveness and 
independency from the system configuration. The calculation of the maximum heat transfer rate 
that the heat exchanger can achieve relies on the minimum capacity rate and the inlet temperatures 
of the cold and hot sides. The expressions that are used in the calculation of the maximum possible 
heat tranfer rate are as follows: 
If Cmin=Ch, Qmax=Ch(Thi-Tci) 
If Cmin=Cc, Qmax=Cc(Thi-Tci) 
The achieved heat transfer rate relies on a user defined effectiveness 
QT= εQmac 
 
Figure 33: Heat exchanger model 
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3.3 Simulation model 
In this section the model in TRNSYS Simulation studio is presented. All the previously 
described components are utilized and connected forming individual subsystems. 
 
 
Figure 34: TRNSYS simulation system 
These subsystems constitute the final system, which performance is going to be investigated. 
The whole system can be divided in the following subsystems: 
➢ Flat plate collector subsystem 
➢ DHW tank subsystem 
➢ Seasonal thermal storage tank subsystem 
➢ Building heating load subsystem 
➢ Stirling engine subsystem 
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3.3.1 Flat plate collector subsystem 
 
 
Figure 35: Subsystem of flat plate collector 
This subsystem contains the theoretical flat plate collector model and the components that 
participate in the loops of the DHW and STES tanks. The flat plate collector uses the following 
inputs from the TMY2  data model: 
➢ Ambient temperature (°C) 
➢ Wind velocity (m/s) 
➢ Total radiation on tilted surface (kJ/hr.m2) 
➢ Total radiation on horizontal (kJ/hr.m2) 
➢ Sky diffuse radiation on horizontal (kJ/hr.m2) 
➢ Angle of incidence for tilted surface (degrees) 
➢ Collector slope (degrees) 
Both the differential controllers receive as an input the outlet temperature of the collector’s 
working fluid as well as the temperature of the fluid at the bottom node of the storage tanks. The 
temperature difference between them is compared to the defined upper and lower dead band 
temperatures, generating the control signal (0 or 1). These output control signals are used as inputs 
to the pumps, thus switching them on or off, allowing the hot fluid to charge or not the tanks. 
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A flow diverter is utilized in order to charge firstly the DHW tank. If the value of the output 
control function of the DWH differential controller is 1, the diverter sends the entire flow rate to 
the DHW tank. Otherwise, when the DHW tank is charged and the loop’s control signal is 0, the 
fluid is driven to the STES tank, if the pump of the STES loop operates. In any case one of the 
water tanks is provided with solar thermal energy by the solar collector for each time step. 
 
3.3.2 DHW tank subsystem 
 
 
Figure 36: Subsystem of DHW tank 
The DHW tank subsystem consists of the stratified storage tank and the components used to 
generate the daily demand for DHW and the contribution of colder fluid that is supplied when the 
tank flow stream to the load exceeds the required temperature. 
The DHW tank component receives the following inputs: 
➢ Hot-side flow rate (kg/hr), concerning the flow rate of the fluid into the storage tank 
from the solar collector. The fluid enters the storage tank in the node which is closest in 
temperature to the hot-side flow and an equal flow rate  leaves the bottom of the storage 
tank returning to the solar collector. 
➢ Hot-side temperature (°C), concenring the temperature of the fluid flowing into the 
storage tank from the solar collector. 
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➢ Cold-side flow rate (kg/hr), concerning the flow rate of the fluid flowing into the storage 
tank from the tempering valve to replace the equal amount of fluid that is assumed to 
leave the top of the tank in order to meet the load. The flow will enter the tank in the 
node which is closest in temperature to this cold-side flow. 
➢ Cold-side temperature (°C), concerning the temperature of the replacement fluid 
flowing into the storage tank. 
➢ Environment temperature (°C), concerning the temperature of the environment in which 
the storage tank is located. Assumption of a steady room temperature at 20°C. 
➢ Control signal for element-1, which is set to 1 and controls the auxiliary heating element. 
The water draw forcing function component (Type 14), that defines a water draw repeated pattern 
(kg/hr), was combined with the equation component to create a steady 24h hot water demand. 
Thus, at each time step a specific inlet water flow rate is inserted to the tempering valve, which 
has the following inputs: 
➢ Inlet flow rate (kg/hr), concerning the flow rate of fluid entering the tempering valve as 
it is efined by the water draw function. 
➢ Inlet temperature (°C), concerning the temperature of the fluid entering the tempering 
valve. In this simulation is set to 15°C. 
➢ Heat source temperature (°C), concerning the temperature of the fluid at the top of the 
storage tank that is going to be cooled by the addition of fluid from the tempering valve 
in order to meet the desired hot water temperature. This temperature is used to determine 
how much of the fluid entering the tempering valve will be sent to the storage tank and 
how much of the fluid will be diverted to be mixed (at the tee piece) with the fluid 
exiting the storage tank. 
➢ Set point temperature (°C), concerning the desired temperature at which the heat source 
flow stream is to be kept at all times. In this simulation is set to 45°C. The tee piece 
component receives the required fluid flow rates from the storage tank and the tempering 
valve, in order to meet the DHW load at 45°C.  
Regarding the outputs that have been chosen to be displayed from the DHW tank plotter, these 
are: 
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➢ Temperature to load (°C), which is the top node temperature of the fluid flowing from 
the top of the storage tank to meet the DHW load (Ttop). 
➢ Temperature of the second node T2 of the storage tank (°C). 
➢ Temperature of the third node T3 of the storage tank (°C). 
➢ Temperature of the fourth node T4 of the storage tank (°C). 
➢ Temperature of the fifth node T5 of the storage tank (°C). 
➢ Temperature to heat source (°C), which is the bottom node temperature of the fluid 
flowing from the bottom of the DHW storage tank and returns to the solar collector 
(Tbottom). 
➢ Flow rate at the outlet 1 of the tempering valve (kg/hr), which is the flow rate of 
replacement fluid flowing into the storage tank. 
➢ Flow rate at the outlet 2 of the tempering valve (kg/hr), which is the flow rate of the 
fluid that is going to be mixed with the flow stream of the exiting storage tank fluid. 
➢ Outlet flow rate of the tee piece (kg/hr), which is the flow rate of the mixed fluid leaving 
the tee piece. 
➢ Outlet temperature of the tee piece (°C), which is the temperature of the mixed fluid 
leaving the tee piece. The value of this output should be 45°C according to the 
adjustment. 
➢ Energy rate to load (kJ/hr), which is the rate at which energy is removed from the DHW 
tank to supply the load. 
➢ Auxiliary heating rate (kJ/hr), which is the rate at which power is added to the DHW 
tank by the auxiliary heater. 
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3.3.3 Seasonal Thermal Energy Storage tank subsystem 
 
 
Figure 37: Subsystem of STES tank 
This subsystem contains the seasonal thermal energy storage tank which is used to model the 
storage of solar thermal energy for heating application during the thermal period. Similarly, to the 
DHW tank, the STES tank model has the following inputs: 
➢ Hot-side flow rate (kg/hr), concerning the flow rate of the fluid into the storage tank 
from the heat exchanger. An equal flow rate of fluid leaves the bottom of the storage 
tank to return to the heat exchanger. 
➢ Hot-side temperature (°C), concerning the temperature of the fluid flowing into the 
storage tank from the heat exchanger. 
➢ Cold-side flow rate (kg/hr), concerning the flow rate of the fluid returning to the storage 
tank from the building in order to replace the equal amount of fluid that leaves the top 
of the tank to cover a percentage of the building’s thermal load. 
➢ Cold-side temperature (°C), concerning the temperature of the returning fluid to the 
storage tank. 
➢ Environment temperature (°C), concerning the temperature of the environment in which 
the storage tank is located. Due to the assumption of buried storage tank in the ground,  
this input is linked to the output of the ground temperature model. 
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➢ Control signal for element-1, which is set to 0 to account for zero auxiliary heating. 
As mentioned before, the STES tank charging is controlled by the differential controller, only 
under conditions that allow the fluid to travel from the solar collector to the tank. 
Regarding the ground temperature model, it is used to predict the soil temperature, accounting 
for the tank environment temperature. Thus, this output of Type 501 is connected to the respective 
tank input. 
Regarding the outputs that have been selected for display through the online plotter of the STES 
tank, these are the following: 
➢ Temperature to load (°C), which is the top node temperature of the fluid flowing from 
the top of the storage tank to the load (Ttop). 
➢ Temperature of the second node T1 of the storage tank (°C). 
➢ Temperature of the third node T2 of the storage tank (°C). 
➢ Temperature of the fourth node T3 of the storage tank (°C). 
➢ Temperature to heat source (°C), which is the bottom node temperature of the fluid 
flowing from the bottom of the storage tank and returning to the solar collector (Tbottom). 
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3.3.4 Building heating load subsystem 
 
 
Figure 38: Subsystem of building heating load 
This subsystem aims at simulating the building which heating load should be covered during 
the heating period. The STES tank will cover partially the heating load, while a supplementary 
auxiliary heating source will operate when the tank is not adequate to cover the entire load. The 
parallel auxiliary mode was chosen, which means that the auxiliary energy will cover only the part 
of the load which cannot be covered from STES flow stream. 
The user defined parameters of the building and the environmentally affected inputs are utilized 
by the model to calculate the heating load, as well as the coverage of each source (STES tank or 
auxiliary) in order to meet the heating load. During each time step, the house thermal losses and 
the possible gains are taken into account in order to calculate the amount of energy required by the 
house to maintain the temperature at the predefined desired one: 
Qrequired = Qloss – Qgain 
The following inputs are received by the single zone building component during each time step: 
➢ Ambient temperature (°C), concerning the temperature of the environment. This 
variable is inserted from the TMY2 meteorological data component. 
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➢ Internal gains (kJ/hr), which refers to the time variant internal gains in the house. 
However, for the scope of this study solar gains are taken into account instead of house 
internal gains. In order to calculate the solar gains the equation component is used. 
➢ Inlet flow rate (kg/hr), which is the flow rate of the fluid from the STES tank entering 
the hot side of the heat exchanger. 
➢ Inlet temperature (°C), concerning the temperature of the fluid flowing from the STES 
tank. 
Regarding the solar gains calculation, as mentioned the equation model is used to define 
their value, according to the following equations: 
Qsol = G ・ Aeff 
Aeff = g ・ Atr 
Qsol: the solar gains (kJ/hr) 
G: the total solar radiation on tilted surface (kJ/hr.m2), which is an input from 
the TMY2 meteorological component for a 90 degrees slope 
Aeff: the effective collecting area with given orientation and tilt angle (m2) 
g: total solar energy transmittance of the transparent glass 
Atr: transparent collecting area (m2) 
The building heating load model calculates the following important outputs, which are 
displayed  by the House plotter A & B component: 
➢ Heating load (kJ/hr), concerning the instantaneous heating load of the house. 
➢ Heat transfer rate across heat exchanger (kJ/hr), concerning the rate at which heat is 
transferred between the fluid streams in the heat exchanger. 
➢ Required auxiliary rate (kJ/hr), concerning the rate at which auxiliary energy is required 
to keep the house at the set point temperature. In parallel auxiliary mode the required 
auxiliary rate is calculated as the difference between the total required heating rate 
minus the heating rate supplied by the STES circuit. 
The solar fraction as well as the contribution of the auxiliary heating source are calculated by 
these outputs. 
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The desired unit of the power outputs was selected to be kW instead of kJ/hr, so the equation 
component converts them through the relationship kW = (kJ/hr) / 3600. Furthermore, a quantity 
integrator was utilized to calculate the kWh of energy for defined time periods. 
3.3.5 Stirling engine subsystem 
 
 
Figure 39: Subsystem of Stirling engine 
This subsystem has been designed to simulate the generation of electricity through the 
thermodynamic analysis of a Stirling engine. Four different equations components were used to 
calculate the outputs of the specific operation phase of the cycle. During the charging period the 
simulation time step has been set to 1min in order to lead to more realistic results. The 
mathematical model is based on the following equations[24]: 
➢ Regenerator:  
Effective temperature  𝑇𝑅 =
𝑇𝐻+𝑇𝐶
2
 
             Amount of functional working fluid within the engine 𝑀 =
𝑃
𝑅
(
𝑉𝐻
𝑇𝐻
+
𝑉𝑅
𝑇𝑅
) 
➢ Compression 
             Work done during the compression cycle 𝑊𝑐 = ∫
𝑎1
𝑉𝑐+𝑏1
𝑑𝑉(𝑥)
𝑉2
𝑉1
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➢ Expansion 
Work done during the compression cycle 𝑊𝑒 = ∫
𝑎2
𝑉𝑐+𝑏2
𝑑𝑉(𝑥)
𝑉1
𝑉2
 
➢ Net work efficiency and power 
𝑊 = 𝑊𝑒 + 𝑊𝑐     𝜂 =
𝑊𝑒+𝑊𝑐
𝑊𝑒
   
• One cycle of the pistons equals to 2*Travel distance 
• If the engine is operating on n RPM the speed will be    
𝑛∗𝑡𝑟𝑎𝑣𝑒𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
60
 
• The time per cycle is     
𝑡𝑟𝑎𝑣𝑒𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑠𝑝𝑒𝑒𝑑
 
• Power produced per cycle at n RPM is     
𝑊
𝑡𝑖𝑚𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
 
• The power required by the engine is calculated 𝑃 = 𝜏 ∗ 𝜔 = 0.889 ∗
(
2𝜋
𝑡𝑖𝑚𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
) 
The outputs that are calculated from the four equation components are displayed by the SE 
plotter: 
➢ Power per cycle (W) 
➢ Power required by the engine (W) 
➢ Available power (W) 
➢ Power at each time step (kW) 
➢ Electricity generation (kW), assumption of 0.9 efficiency of the generator 
➢ Efficiency of the Stirling engine 
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Chapter 4 Simulation results 
 In this chapter the assumptions and the specifications that have been applied during the 
simulation procedure are described extensively. All the set parameters of all components in use 
are reported, in order to investigate the performance of the solar thermal system combined with 
seasonal thermal energy storage, covering the demands of DHW, heating and electricity 
generation. In addition, the results of the study are presented graphically from the online plotter 
component as well as printed through a specified output file. 
4.1 Parameters specification 
The investigated system has been assembled and simulated in TRNSYS software for 
implementation on a single-family home in Thessaloniki, Greece. Thus, the weather data file 
corresponding to Thessaloniki city is imported as an external file in Type 109 reader in TMY2 
format(data reader mode 2).  
More specifically the parameters defined in the TMY2 component are the following: 
➢ Sky model for diffuse radiation: 4, corresponds to the Perez sky model used to calculate 
diffuse radiation on tilted surfaces. It is noted that the Perez model is usually considered 
to be the best available. 
➢ Tracking mode: 1,  corresponds to a fixed surface for the calculation of the tilted surface 
radiation, meaning no sun tracking. 
➢ Ground reflectance: 0.2, a typical value for ground not covered by snow. 
➢ Slope of surface-1: 40.37 degrees,  was set as the fixed slope of the collectors. The slope 
was deliberately chosen to be approximately equal to the latitude of Thessaloniki, since 
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according to a general rule the collectors achieve the optimum performance when the 
slope is set equal to the latitude of the region. 
➢ Slope of surface-2,3,4: 90 degrees, necessary for  the calculation of the total radiation 
on tilted surface for the solar gains estimation through the transparent vertical surfaces 
of the building. 
4.1.1 Flat plate collector parameters 
The theoretical flat plate collector component uses as inputs the following parameters: 
➢ Total gross area of the solar collector array: 70 m2, covering approximately 80% of the 
total available roof area. 
➢ Absorptance of absorber plate: 0.95 
➢ Absorber plate emittance: 0.1 
➢ Specific heat of water flowing through the solar collector: 4.19 kJ/kg.K 
➢ Loss coefficient for the bottom and edges: 3 kJ/hr.m2.K (default) 
➢ Collector fin efficiency factor: 0.75 
➢ Number of covers: 1 
➢ Index of refraction of cover: 1.526 (default) 
➢ Extinction coefficient thickness product: 0.0026 (default) 
The flat plate solar collector that was considered for installation on the roof of the building is 
the FPC-A32 apricus. The gross area of each of the FPC-A32 collector units is 2.99 m2  leading to 
the installation of  23 units . In the following graph the efficiency curve of the specific flat plate 
collector is presented [22]. 
 
Figure 40: Apricus FPC-A32 performance curve  
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The parameters of the two differential controllers that adjust the flow rate to the two tanks are: 
➢ No of oscillations: 5 (default), are the number of control oscillations allowed in one 
timestep before the controller is "stuck". 
➢ High limit cut-out: 100 °C 
➢ Upper dead band dT: 10 °C 
➢ Lower dead band dT: 2 °C 
4.1.2 DHW tank 
The defined parameters for the DHW subsystem have been chosen in order to meet the DHW 
demand, considering a four member family that  lives in the simulated house.  
The specifications for the various components of this subsystem are the following: 
• Regarding the DHW demand an estimation of 35-65 litres per person average daily 
consumption can be made [28]. Therefore it can be assumed for this simulation that the 
DHW demand is 50 litres per person per day. Considering the four family members in 
this case, it is calculated that the DHW demand is 200 litres on a daily basis and constant 
throughout the year. The water draw  function of Type 14b component is configured in 
such a way that multiplied with 200 for each time step (in the equation component) it 
results in a daily demand of 200 litres. 
• Regarding the DHW Stratified Storage Tank volume, as a general rule it should be 
designed 1-2 times the daily DHW consumption. Taking into account a safety factor of 
1.5 and the 200 litres daily demand, the volume of the DHW is calculated to be 300 
litres or 0.3 m2. 
➢ Tank volume: 0.3 m3 
➢ Tank loss coefficient: 2.5 kJ/hr.m2.K 
➢ Specific heat of water contained in the tank: 4.19 kJ/kg.K 
➢ Density of water contained in the tank: 1,000 kg/m3 
➢ Number of temperature levels (nodes) used in the tank: 6 
➢ Height of each node: 0.3 m 
➢ Number of auxiliary heating elements: 1 
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➢ Node containing heating element: 1 
➢ Node containing thermostat: 1 
➢ Maximum heating rate of auxiliary heating element: 9,000 kJ/hr 
➢ Boiling point: 100 °C 
   Regarding the tempering valve the parameters need to be set are: 
➢ Set point temperature 45 °C 
➢ Tempering valve mode: 4, the entire flow stream will be sent through the first outlet if 
the inlet temperature is more than the heat source temperature. 
➢ Nb. of oscillations allowed: 7 
4.1.3 STES tank 
Regarding The STES tank  water is selected to be the storage medim, since water is considered 
to be a solution resulting in high heat exchange rates, high thermal capacity and low cost. The tank 
is divided in five equal volume nodes, since this degree of stratification is considered to be a 
reasonable choice for a satisfactory simulation of such a system. Each node has been set to be 0.6 
m height, as the storage tank has a total height of 3 m. The width of the tank is considered to be 5 
m, the length 5 m , resulting in a STES tank of 75 m3total volume.  
Regarding the materials of the tank, reinforced concrete is considered as the construction 
material, while a polyurethane coating featuring a stainless steel cover is placed on the top and the 
vertical inside parts of the tank as insulation materials. Considering these specifications, the 
average tank loss coefficient is adjusted to 1.2 kJ/hr.m2.K[7].  
The values of the parameters defined in the STES tank model are the following: 
➢ Tank volume: 75 m3 
➢ Tank loss coefficient: 1.2 kJ/hr.m2.K 
➢ Specific heat of water contained in the tank: 4.19 kJ/kg.K 
➢ Density of water contained in the tank: 1,000 kg/m3 
➢ Number of temperature levels (nodes) used in the tank: 5 
➢ Height of each node: 0.6 m 
➢ Number of auxiliary heating elements: 0 
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➢ Boiling point: 100 °C 
In order to take into account the losses of the STES tank to the environment type 501-Ground 
temperature model is utilized. The STES tank is considered to be buried, in order to take advantage 
of the more stable temperature fluctuations throughout the year of course the enhanced insulation 
that the ground can offer to the system. 
A total excavation of 4 m is adequate for a tank with 3m height. Thus, the mean depth used for 
the calculation of ground losses through the type 501 has been set to 2m. A surface of 25 m2 is 
needed for the tank, which is covered from the available backyard.  
The values of the parameters defined for the ground temperature model are the following: 
➢ Depth of the soil at which the temperature should be evaluated: 2 m 
➢ Mean ground surface temperature during the year: 17.5 °C [7] 
➢ Amplitude of the ground surface temperature for the year: 10 °C [7] 
➢ The time difference between the beginning of the calendar year and the occurrence 
of the minimum surface temperature: 30 days 
➢ Soil thermal conductivity: 8.72 kJ/hr.m.K (default) 
➢ Soil density: 3200 kg/m3 (default) 
➢ Soil specific heat: 0.84 kJ/kg.K (default) 
4.1.4 Building heating load 
A single-family detached home is investigated concerning the required heating load and the 
proportion that the STES and auxiliary source cover during the heating period. The house, with a 
total surface floor 88 m2[23], is considered a single zone structure in order to be simulated by the 
Type 12a component, which introduces the concept of the energy/(degree-hour). The overall 
conductance for heat loss of the house (UA value) is calculated at 1,175.97 kJ/hr.K or 326.66 W/K. 
The temperature of the house has to be maintained during the heating season at 20°C. 
The parameters that have been defined in this case are the following: 
➢ Overall conductance for heat loss from the house: 1,175.97 kJ/hr.K 
➢ House set point temperature: 20 °C 
➢ Specific heat of the source fluid (water): 4.19 kJ/kg.K 
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➢ The effectiveness-Cmin product of the load heat exchanger: 200 kJ/hr.K (default) 
➢ Flow rate when pump is operating: 100 kg/hr (default) 
➢ Auxiliary heat mode: 1 = Parallel Auxiliary 
 
Regarding the solar gains, the equation model has been used in order to calculate the time-
variant input solar gains of the building heating load component, as described below : 
Qsol = G ・ Aeff 
Aeff = g ・ Atr 
where the values of the parameters that concern the transparent building elements 
(glazing) through which solar gains become available are the following: 
➢ Atr:  m2 , the (gross) collecting area of the building glazed elements 
➢ g: 0.75, typical value of the total solar energy transmittance for double glazing 
transparent elements 
The building elements are presented in the table below[23]: 
 
Table 1: Reference house characteristics 
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4.2 Simulation results 
In order to investigate the performance of the system the aspects that will be examined and 
evaluated are the DHW load coverage throughout the year, the portion of heating load that is 
covered from STES tank and the generation of electricity mainly during the charging period. 
Regarding the heating period, it is defined during a specific time interval during the year that 
the heating demand is present. Of course, this period depends on the existing meteorological 
conditions in the country so differences are expected from country to country. In this case, 
Thessaloniki is chosen as the city where the dwelling is located. Thessaloniki belongs to the third 
climatic zone of Greece and the heating period, based on the heating degree-days, is assumed to 
last from October 18th to April 23th. 
The performance of the system has been examined for two calendar years. The simulation is 
divided in three parts: 
• 1st year simulation heating period 
• 1st year charging period 
• 2nd year simulation heating period 
As it is expected the final results depend highly on the differences of initial conditions at the 
beginning of each simualation. 
4.2.1 1st year operation 
As it was mentioned previously, the heating period lasts from October 18th - April 23th (hour 
6,984 – hour 11,472) and it was examined as the first simulation year. Regarding the initial 
conditions of the system the initial nodes temperatures of both tanks, DHW & STES, are assumed 
to be equal to 15 °C. 
In the following graphs the outcomes of the House plotter B are presented. The results concern 
the variables that describe the space heating of the single zone dwelling during the heating period. 
More specifically, these variables are: the instantaneous heating load (kW), the load covered by 
the auxiliary source (kW), the load covered by the STES tank (kW) as well as the total heating 
demand and the contribution of the two heat sources at the end of the period. 
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Figure 41: Heating load outputs 
 
 
Figure 42: Heating demand 
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Figure 43: Heating sources contribution 
 
 
In the following table the monthly values of thermal energy variables are presented. 
Month 
Thermal load 
demand 
[kWh] 
Auxiliary source 
load 
[kWh] 
STES load 
[kWh] 
Solar fraction 
[%] 
October 543 395 148 27.3 
November 1911 1015 896 46.8 
December 2950 1971 979 33.2 
January 3288 2374 914 27.8 
February 2551 1683 868 34 
March 2157 1131 1025 47.5 
April 891 224 667 74.8 
Annual 14293 8795 5498 38.5 
Table 2:Monthly loads 
 
As it is obvious from the table, the total heating load of the specified dwelling located in 
Thessaloniki is 14293 kWh. The STES tank is able to cover in total 5498 kWh which corresponds 
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to a solar fraction of 38.5%. The system is able to achieve a solar fraction of 74.8% only during 
April. The remaining load has to be covered by the auxiliary source. 
Regarding the water temperature the temperatures of the nodes of each storage tank have been 
plotted through the DHW tank and STES tank plotters and are presented below 
 
Figure 44:STES tank nodes temperature 
 
 
 
Figure 45:DHW tank nodes temperature 
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At the end of the heating period the water temperatures of all nodes are calculated according to 
the following table: 
 
 
Node 1 
[°C] 
Node 2 
[°C] 
Node 3 
[°C] 
Node 4 
[°C] 
Node 5 
[°C] 
Node 6 
[°C] 
STES 
tank 
64 55 49 45 40 - 
DHW 
tank 
82 80.5 77.4 73 64 42.5 
Table 3: Temperature of nodes 
 
By the end of the heating period, April 23th, it is assumed that the STES tank will be 
disconnected as no more heating is required. Therefore, during the period between April 24th and 
October 17th the STES tank is charged and it is used from the Stirling engine in order to produce 
electricity. The Stirling engine is considered to operate only if the temperature of the top node at 
the STES tank is above 85 °C.  
In the graph below the increase of the STES tank node temperature is presented. 
 
Figure 46: STES tank nodes temperature 
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Simultaneously, the DHW tank faces cycles of charging and discharging since the hot water 
demand is steady during the whole year. The following graphs presents the temperature 
fluctuations for the DHW tank.  
 
Figure 47: DHW tank nodes temperature 
 
In the following table the calculated node temperatures of both tanks are presented. 
 
Node 1 
[°C] 
Node 2 
[°C] 
Node 3 
[°C] 
Node 4 
[°C] 
Node 5 
[°C] 
Node 6 
[°C] 
STES 
tank 
86 86 83 79.5 72 - 
DHW 
tank 
91.5 90 87.5 84 75 51.5 
Table 4: Temperature of nodes 
 
As it was presented in a previous chapter, in this investigation a Stirling engine is considered 
to be connected with the STES tank. The Stirling engine heater will utilize the top node 
temperature in case that exceeds 85 °C. Regarding the cooler of the engine a steady temperature 
throughout the operation is considered and equal to 15 °C. In the table below the characteristics of 
the engine are presented. 
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Hot piston Swept volume  
(cm3) 
88.5 
phase angle 
(degrees) 
90 
Cold piston Swept volume  
(cm3) 
88.5 
Heater Temperature 
(K) 
Depending on top node 
temperature 
Total dead volume 
(cm3) 
176.32 
Cooler Temperature 
(K) 
288 
Engine Frequency 
(RPM) 
150 
Working pressure 
(MPa) 
0.4 
Table 5: Stirling engine characteristics[24] 
The outcome of the thermodynamic calculations are displayed by the SE plotter. The generator 
was assumed to operate with an efficiency factor of 90%. 
 
Figure 47: Stirling engine operation 
As it can observed, SE is able to produce approximately 2kW of electricity and exhibits an 
efficiency factor of 76%. The Stirling engine is considered to be connected to the STES tank 
always, but only during the charging period the top node temperature is sufficient to lead to 
electricity generation. 
 
 
63 
 
4.2.2 2nd year operation 
The initial water temperature of the nodes in the DHW and STES tanks is the major and only 
difference between the simulation parameters of the first and second operational year. The initial 
values of the nodes on October 18th are set equal to the ones obtained at the end of the charging 
year, in contrast to the 15°C at the beginning of the 1st operational year. 
 By applying the abovementioned initial conditions the outcomes of the of the system are 
presented below: 
 
Figure 48: Heating load outputs 
  
Figure 49: Heating load outputs 
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The monthly heating load values calculated during the 2nd year of operation are presented in the 
following table: 
Month 
Thermal load 
demand 
[kWh] 
Auxiliary source 
load 
[kWh] 
STES load 
[kWh] 
Solar fraction 
[%] 
October 543 31 513 94.3 
November 1911 364 1547 80.9 
December 2951 1545 1406 47.6 
January 3288 2195 1093 33.2 
February 2551 1637 914 35.8 
March 2157 1117 1040 48.2 
April 891 222 669 75 
Annual 14294 7112 7182 50 
Table 6: Monthly loads 
 
As it is obvious form the graph and the table, the charging period between the two heating 
periods was beneficial for the system as the contribution of the STES tank was  increased up to 
50%.  
The total annual heating load of 14293 kWh is partially covered by 7182 kWh derived from the 
STES tank. Especially, during the first two months the heating load is mainly covered by the STES 
tank achieving solar fractions of 94% and 81% respectively. The heating demand during December 
is covered in a percentage of  47.6% by STES, while during January and February the heating 
demand is covered mainly by the auxiliary heating source. 
In the following graph the STES temperature distribution is presented: 
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Figure 50: STES tank nodes temperature distribution 
4.2.3 Parametric analysis 
In addition to the previous study, a parametric analysis has been conducted by simulating the 
developed system for the city of Athens. Following the same procedure as before, the system 
performance will be evaluated for 2 consecutive years, regarding the achieved annual solar fraction 
during the heating periods and the production of electricity. In the following table the heating load 
results of the analysis are presented. 
 
Athens 
Thermal load 
demand 
[kWh] 
Auxiliary source 
load 
[kWh] 
STES load 
[kWh] 
Solar fraction 
[%] 
1st operational 
year 
9493 3132 6360 67 
2nd operational 
year 
9493 2216 7277 76 
Table 7: Space heating loads 
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Due to fact that Athens experiences milder weather conditions, the annual heating load is 9493 
kWh almost 1.5 times lower than the calculated demand for Thessaloniki. Thus, as it can be 
observed from the table, the solar fraction is 67% for the first operational year, while it achieves 
the value of 76% during the second operational year. 
Regarding the electricity production, as it was described previously the calculations of stirling 
engine depend highly on the fluctuations of the STES top node temperature. It can be clearly 
observed from the graph below that the performance of the system is much more stable in the case 
of Athens following the steady trend of the top node temperature. Furthermore, the system is able 
to start operating earlier in the charging period as the top node temperature is higher than 85 °C 
that was set to be the minimum operating temperature. 
 
Figure 51: Comparison of electricity generation 
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Conclusions 
An investigation of Solar CHP Thermal System which utilizes Seasonal Thermal Energy 
Storage has been conducted in the context of this dissertation  
In the 1st and 2nd  chapter the theoretical background behind the operation of the major 
subsystems that participate in such systems is presented, such as the solar collectors and the storage 
tanks. The mechanism of the sensible heat storage has been chosen as it is considered the more 
mature and used one. In the 3rd chapter the software as well as the different models that were 
combined to form the total system are described. Furthermore, the designed model is divided into 
subsystems and described separately. In the last chapter the results of the simulations are presented 
for a operational period of two consecutive years as well as a parametric analysis.  
TRNSYS software has been used for the simulation of a Solar CHP Thermal System 
implementing Seasonal Thermal Energy Storage. The system has been designed to investigate its 
performance regarding the space heating, DHW and electricity needs of a single-family dwelling 
in the city of Thessaloniki, with results mainly evaluated regarding the space heating contribution 
of the STES and electricity production. The 70 m2 flat plate solar collectors controlled provided 
primarily heat to the 0.3 m3 DHW tank, while the available thermal energy was used to charge the 
water filled STES tank of 75 m3. During the charging period the STES tank is used as a heat source 
for a Stirling engine. 
The system has been simulated for two years assuming two different operating periods, the 
heating period from October 18th - April 23th and the charging period from April 24th to October 
17th. At the beginning of the first year, beginning of heating period, the DHW and STES tanks 
have been treated as completely discharged with initial water temperature of 15 °C. At the of the 
first year simulation it has been calculated that 14294 kWh of space heating load is demanded for 
this single house in the city of Thessaloniki. The part of this demand that is covered from the STES 
tank is calculated at 5498 kWh, meaning a total solar fraction of 38.5 %. During the charging 
period the space heating is negligible and the STES is  charged. As a result the achieved solar 
fraction for space heating during the second year is increased to 50 % or 7182 kWh out of 14294 
kWh. In addition, during the charging period as mentioned before, STES tank is coupled with a 
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Stirling engine which produces approximately 2 kW of electricity by assuming 90% efficiency of 
the generator. 
By comparing the performance of the two years operation, it is clear the importance of the 
charging period, which increases the contribution of the STES subsystem to the heating load 
demand of the upcoming heating period. As a result STES system is able to cover a large 
proportion of the heating demand during autumn achieving solar fractions of 94% in October and 
81% in November. Furthermore, almost half of the demand during December is covered by STES. 
However, during January and February the STES tank is intensively discharged leading to an 
increase of auxiliary heating source in order to cover approximately 70% of the demand. 
Nevertheless, an economical analysis of such system could be examined for future research, as 
the economic viability of this system was not the subject of the present study. Furthermore, 
different cogeneration systems suitable for low temperature operation could be examined, such as 
an organic Rankine cycle. 
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